INTRODUCTION
Drug-induced liver injury (DILI) is one of the most common reasons for pediatric liver disease and has become an important area of concern for clinicians, regulatory agencies, and pharmaceutical companies. In a retrospective research from China, 64 pediatric cases of DILI accounted for 10% of 641 cases of children hospitalized with liver injury over a period of 5 years. 1 Drug-induced acute liver failure (ALF) has been reported to be the main cause of ALF in children in the United States, Canada, and the United Kingdom. 2, 3 Systematic studies on children with DILI are scarce compared to the increasing number of reports on DILI in adults across all regions of the world. In the last decade, DILI in children has been described in case reports or small series. [4] [5] [6] [7] A recent prospective study over more than 5 years from Drug-Induced Liver Injury Network (DILIN) has reported the clinical and pathological characteristics of 30 children with DILI. 8 Compared with adults, drug metabolism in children differs in terms of absorption, distribution, metabolism, and excretion. 9, 10 For example, the level of cytochromes P450, a class of enzymes responsible for metabolizing drugs, increases with age. 11 Because of the scarcity of studies on DILI in children and age-related differences in drug metabolism, a National Institutes of Health clinical research workshop in 2008 concluded that additional studies of pediatric DILI were needed. 12 Recently herbal therapy is increasingly being used in pediatric populations. In the United States, an estimated 2.9 million children and adolescents used herbs or dietary supplements according to the 2007 National Health Interview Survey. 13 With the historical background of the use of Chinese herbal medicine (CHM), CHM is an important cause of DILI in China in both chilThis is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
dren and adults. 6, 14 Despite the worldwide application of herbal products, data regarding herbal hepatotoxicity in children and adolescents are remarkably limited. Thus, it is imperative to recognize and investigate herbal hepatotoxicity in children. 15 Therefore, we undertook this study to analyze the causes, clinical, laboratory, and pathological features, and outcomes of DILI in children up to 14 years of age and compare the differences between CHM and Western medicine (WM) as implicated agents of pediatric liver injury.
MATERIALS AND METHODS
We retrospectively collected and analyzed all children up to 14 years of age hospitalized with DILI between January 2009 and December 2011 in the 302 Hospital of PLA, Beijing, China. Children were considered to have DILI if they met the following criteria: [16] [17] [18] a clinical suspicion of drug-induced hepatotoxicity, as defined as recent onset abnormalities in liver tests, such as rise in serum total bilirubin (TB) of at least 2 mg/dL, and/or alanine aminotransferase (ALT) or aspartate aminotransferase (AST) >3 times the upper limit of normal (ULN), or rise in alkaline phosphatase (ALP) >2 times the ULN with any rise in TB or ALT or AST; exclusion of viral hepatitis A to E, hepatitis caused by nonhepatotropic virus, autoimmune liver disease, hepatolenticular degeneration, and other causes of liver diseases; and based on the Roussel Uclaf Causality Assessment Method (RUCAM), highly probable (>8), probable (6 to 8), or possible (3 to 5) are considered drug-induced liver injury. The diagnosis of drug-induced liver injury in children is shown in Fig. 1 Liver biopsies were reviewed by two hepatopathologists who were blinded to clinical and demographic information. According to standard criteria, the pathological pattern of injury was categorized into acute hepatitis (predominantly lobular inflammation, with or without confluent or bridging necrosis; absence of cholestasis), chronic hepatitis (portal inflammation with interface hepatitis, with or without portal-based fibrosis; no cholestasis), acute cholestasis (hepatocellular and/or canalicular cholestasis; minimal inflammation), chronic cholestasis (duct sclerosis and loss; periportal cholate stasis; portal-based fibrosis; copper accumulation), cholestatic hepatitis (acute or chronic hepatitis pattern plus cholestasis) and other patterns. 20, 21 Individual histologic features were also recorded.
Simple descriptive statistics including medians, 25th to 75th percentiles, frequencies, and percentages were used to summarize the data. Continuous variables were compared using the 
RESULTS

Clinical presentations
Of 1,544 children hospitalized due to liver injury between January 2009 and December 2011, there were 69 children (4.5%) with DILI. Demographic, clinical, and laboratory characteristics were shown in Table 1 . The median age of these cases was 8 years (range, 0.2 to 14.0 years). No child had pregnancy or alcohol or tobacco consumption. Among 65 children without hematological disorders, the white blood cell count at baseline was abnormally decreased in 83.1%, and the platelet count was more than 300×10 9 /L in 58.5% of the cases. Only one case had peripheral eosinophilia. Autoantibodies were detected in 32 children with DILI: antinuclear antibody was positive in four children and anti-liver-kidney microsome antibody was positive in one child.
Implicated agents
A list of agents implicated was provided in Table 2 . Fifteen children (21.7%) had been exposed to more than one type of drug before the liver injury occurred, with antibiotics commonly being combined with antipyretic analgesics and/or CHM for respiratory infection (n=9) or fever of unknown origin (FUO) (n=3). Four cases were caused by VitC-yin-qiao tablet consisting of acetaminophen, chlorpheniramine maleate, vitamin C, Lonicera japonica, Forsythia suspensa, Schizonepeta tenuifolia, Data are presented as median (25th, 75th) or percent. ALT, alanine transaminase; AST, aspartate transaminase; ALP, alkaline phosphatase; GGT, γ-glutamyltransferase; TB, total bilirubin; TBA, total biliary acid; ALB, albumin; CHE, cholinesterase; PT, prothrombin time; PA, prothrombin activity; WBC, white blood cell; PLT, platelet. *One child exhibited the complication of epilepsy, and one developed nephrotic syndrome; † Six children received Chinese herbal medicine to improve symptoms. Two cases were caused by antibiotics, administered as prophylaxis against surgical infection; one was induced by montelukast for asthma; and one was caused by sotalol, administered for paroxysmal supraventricular tachycardia; ‡ Found by physical examination or abdominal ultrasound; § Except for four children with hematological disorders; || Liver biopsies were performed in 59 children; however, four cases could not be classified into any pattern because of mild histological changes.
Glycine max, Lophatherum gracile, Arctium lappa, Platycodon grandiflorum, Phragmites communis, Glycyrrhiza uralensis, and menthol. Among children in whom one type of drug was implicated, the major classes of WM causing DILI were as follows: antibiotics in 26.1%, antituberculosis agents in 8.7%, antipyretic analgesics in 5.8%, antineoplastic agents in 5.8%, and glucocorticoids in 4.3%. Cephalosporin (n=8) and macrolides (n=6) were the most commonly implicated antibiotic agents. In 15 cases (21.7%), CHM was implicated, and the details were shown in Table 3 . The major implicated herbs were Ephedra sinica (n=3) and Polygonum multiflorum (n=3). The characteristics of cases caused by CHM compared with WM were listed in Table 4 . Of the six children with ALF, four were treated with CHM for tinea corporis (n=1), vitiligo (n=2), and poor appetite (n=1), one was caused by azithromycin for FUO, and another was induced by cephalosporins, antipyretic analgesics, and antiviral agents for pneumonia. Twenty-four chronic DILI cases were caused by antituberculosis agents (20.8%), antineoplastic agents (16.7%), antibiotics (16.7%), combination of implicated drugs (16.7%), glucocorticoids (12.5%), CHM (8.3%), and antipyretic analgesics (8.3%), respectively.
Pathological features
Liver biopsies were performed in 59 children (85.5%) and the pathological patterns of injury in 55 children were listed in Table 1 , whereas four of the cases could not be classified into any pattern because of mild histological changes. Liver cell degeneration, necrosis, and lobular inflammation were common findings, with typical confluent necrosis in 11 cases (18.6%), bridging necrosis in five cases (8.5%), and submassive necrosis in one case who did not present with clinical features of liver failure. Twenty-nine biopsies (49.2%) showed various degrees of interface hepatitis. Hepatocellular and/or canalicular cholestasis were observed in 16 cases (27.1%). Twenty-nine biopsies (49.2%) demonstrated eosinophil infiltration and none had duct sclerosis or loss. Typical examples of pathological patterns were described in Fig. 2 . In 15 cases (25.4%), the liver biopsy after the normalization of liver biochemistry still showed the histologic features of chronic hepatitis, such as moderate portal inflammation, interface hepatitis, fibroplastic proliferation, and fibrous septa formation. All three cases with ALF showed the pathological characteristics of cholestatic hepatitis involving confluent and bridging necrosis, cholestasis, interface hepatitis, and fibrous septa formation, but none demonstrated submassive necrosis.
Outcomes
There were two deaths caused by herbal decoctions for tinea corporis and poor appetite, respectively. Six cases presented with acute liver failure and 24 cases developed into chronic DILI. Fourteen children with a median TB level of 14.5 (6.9, 19.9) mg/ dL were treated with corticosteroids, of which seven developed chronic DILI, two presented with bacterial respiratory infection, two with oral cavity fungal infection, one with pulmonary fungal infection, and one with pyemia. In six children with ALF, two died, and the others recovered. The prognosis of the children with DILI caused by CHM and WM was shown in Table 4 .
DISCUSSION
The diagnosis of DILI is challenging, especially in children, because there are no specific markers of DILI and the diagnosis largely depends on a high index of suspicion and the exclusion of other causes of liver diseases. 10 DILI must always be considered, when there is a temporal association between observed liver injury and the exposure to Data are presented as number (%). CHM, Chinese herbal medicine. *VitC-yin-qiao tablet consists of acetaminophen, chlorpheniramine maleate, vitamin C, Lonicera japonica, Forsythia suspensa, Schizonepeta tenuifolia, Glycine max, Lophatherum gracile, Arctium lappa, Platycodon grandiflorum, Phragmites communis, Glycyrrhiza uralensis, and menthol.
drugs. The warning signal of liver injury has been either nonspecific symptoms (e.g., fatigue, nausea, vomiting, or jaundice) or, more commonly, biochemical dysfunction, which includes raised levels of ALT, ALP, or TB. Then viral (hepatitis A virus, hepatitis B virus, hepatitis C virus, hepatitis E virus, cytomegalovirus, and Epstein-Barr virus), autoimmune (antinuclear antibody and antismooth muscle antibody), and metabolic (Wilson's disease and α1-antitrypsin deficiency) disorders must be excluded. In some cases, liver biopsy may be indicated to exclude other diseases and to help make a diagnosis of DILI.
10,22
The RUCAM is the most widely used for aiding in the causality assessment of DILI, but there have been several pitfalls in applying this method in children. 23 No child has pregnancy or alcohol consumption, and therefore, no points are given in the risk factor components of age, alcohol, and pregnancy. In cases with multiple possible implicated agents, the combination of implicated drugs had been considered to be one pathogenic factor because it was technically difficult to identify which drug was the most likely cause of liver injury. 22 CHM is less likely to be well characterized with regard to hepatotoxicity information, and this may compromise the RUCAM score for CHM because no points are given for herbs without existing information on hepatotoxicity. 15 Therefore, the diagnostic test for DILI in children needs further investigation and validation. The characteristics of DILI in children are different from those in adults due to age-related changes in drug metabolism and the special requirements of medication given to children. Although the data were from a single center, the results of this study might provide an opportunity to analyze the characteristics of DILI in children.
Similar to adult studies, a combination of implicated drugs is a major cause of DILI in children and antibiotics are the most commonly implicated drug class. 16, 24 In this study, antibiotics were commonly combined with antipyretic analgesics and/or CHM for FUO and respiratory infection, and the major implicated antibiotics were cephalosporin and macrolides. Compared with the DILIN prospective study, CHM is the main etiological agent of DILI in children in China because of the historical background of the use of CHM. 8 In this study, the major implicated herbs were Ephedra sinica for respiratory infection and Polygonum multiflorum for skin diseases. The medical history of respiratory infection in 41.4% of cases is notable and may help the clinician identify children at risk. Similar to adult, the most common pattern of DILI in children is hepatocellular injury, both in clinical (87.9%) and pathological (76%) categorization. 16, 21 The common presenting symptoms were fatigue, jaundice, and gastrointestinal reaction. However, this group of 58 cases in this study exhibited fewer hypersensitivity features (defined as fever, rash, and eosinophilia) than reported in pediatric DILI studies from Western countries and Indian. 8, 17, 25 17 .2% of the 58 cases had allergic history and 13.3% of 30 cases had positive autoantibody, significantly lower than the 43% and 64% reported in the DILIN study, respectively. 8 But our results were similar to other studies from China. In a similar study from China, 25.8% of 31 children with DILI showed hypersensitivity features: itching in 3.2%, fever in 6.5%, rash in 3.2%, and eosinophilia in 12.9%. 6 Rash (16%) and fever (14%)
were observed in 64 children with DILI in a single-center retrospective study from China. 26 The difference in hypersensitivity features between China and Western countries needs further study and might be related to different classes of implicated agents and race-related genetic background. Although most DILI resolves following drug discontinuation, up to 20% of patients progress to chronic DILI further challenging the clinicians diagnostic and management skills. 27 This study revealed more frequent chronic DILI cases (25.9%), defined as persistent biochemical abnormalities according to CIOMS, than reported in adult studies, which might be related to few cases with hypersensitivity features and the application of corticosteroids in this study. 16, 19, 24 Compared to cases without hypersensitivity, children with hypersensitivity DILI present earlier, have less severe liver disease, and experience complete recovery. 17 In this study, corticosteroids were used in 14 cases (24.1%) with hyperbilirubinemia, 50% of which developed chronic DILI and 43% presented with side effects of bacterial or fungal infection. However, it is likely that more severe and chronic cases of DILI were included in this study than are encountered in the general population, because all of the cases were hospitalized children in this study. Several histologic features of DILI in children were illustrated in the present report. Nearly half of the cases were classified into chronic hepatitis in the pathological injury pattern, and 26.4% of liver biopsies after the normalization of liver tests still showed the pathological features of chronic hepatitis. Moreover, no case of ALF demonstrated submassive necrosis, and only one biopsy with submassive necrosis did not present the clinical features of liver failure. Thus, the correlation between the clinical pattern and the pathological categorization of injury is limited. 21 Herbal medicine is widely used for treating diseases, improving symptoms, and overall health care, especially in China. Herbs have long been thought to be natural and safe. However, an increasing number of herbs and herbal products have been reported to cause liver injury. 28, 29 In this study, several characteristics of DILI in children caused by CHM were observed. Liver injury caused by CHM was hepatocellular, the severity ranged from mild injury to ALF, and the major implicated herbs were Ephedra sinica for respiratory infection and Polygonum multiflorum for skin diseases. Numerous herbs have been described to cause hepatotoxicity, including Ephedra sinica, Polygonum multiflorum, Mentha haplocalyx, Scutellaria baicalensis, Xanthium sibiricum, Andrographis paniculata (dehydroandrographolide succinate), Agkistrodon halys pallas, Smilax glabra, Tripterygium wilfordii, and Psoralea corylifolia. 15, [30] [31] [32] [33] However, it is extremely difficult to identify the exact causative hepatotoxic compounds and the mechanisms of their hepatotoxicity, because CHM consists of multiple herbs or constituents and there are herb-drug or herb-herb interactions leading to potentiation of risk for hepatotoxicity. 15, 28 Many herbals, such as Glycyrrhiza uralensis, Arctium lappa, Glycine max, Pueraria lobota, and Atractylodes macrocephala, have been identified as substrates, inhibitors, or inducers of cytochromes P450. 15, 34, 35 Glycyrrhiza uralensis, Arctium lappa, and Glycine max are constituents of VitC-yin-qiao tablet, and whether these herbs might potentiate the intrinsic hepatotoxicity of acetaminophen requires further study. In this study, the cases caused by CHM showed more severe liver injury. Three cases with ALF and only one death were caused by CHM. Compared with WM, the cases with DILI caused by CHM have higher median levels of TB and total biliary acid, longer PT, lower prothrombin activity and lower cholinesterase (all p<0.05). According to Hy's law, jaundice is a good predictor of mortality in DILI. 36 In general, the higher the serum bilirubin, the more severe the liver injury. 37 According to a research from multicenters in China, CHM was also reported be the main etiological agent of acute severe DILI and the cure rate of acute severe DILI was low (6.6%). 14 However, 13.3% of the cases caused by CHM were associated with chronic DILI, less than that caused by WM (46.2%) (p=0.031). CHM is likely to cause severe liver injury and even death, but the liver injury caused by CHM could be curable after stopping causative CHM and being treated. In the chronic DILI cases caused by WM, some needed continue treatment of primary diseases, such as tuberculosis, malignant tumor, and hematological disorders. Prolonged medication administration and drug rechallenge might be risk factors for developing chronic DILI. 38 Antituberculosis agents, antineoplastic agents, antibiotics, glucocorticoids, and antipyretic analgesics have been reported to cause chronic DILI. 39, 40 In the multicenter prospective study, malignancy receiving antineoplastic agents might be a risk factor for developing chronic DILI. 40 However, there was selection bias because all of the cases were hospitalized and it could result in more chronic DILI cases. In additional, the children with DILI caused by CHM had a greater median 
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number of days from drug start to symptoms than WM, but this trend was of borderline statistical significance (p=0.048). Notably, the preparation of some CHM has not been provided and even some Chinese patent medicines have not been approved by China Food and Drug Administration. The dosage and course of treatment for children have not been provided in the instructions for most Chinese patent medicines. Thus, studies are strongly needed to improve CHM safety in children.
Although this study, which reported the largest number of children with DILI, was one of the few efforts to investigate DILI in children, it was a single-center and retrospective survey and was limited by potential selection bias because all of the cases were hospitalized children, leading to a poor outcome and low presentation in the general population.
In summary, the clinical characteristics of pediatric DILI are diverse, ranging from asymptomatic hepatitis to acute liver failure, and both chronicity and mortality are observed. Most of children with DILI typically present with hepatocellular injury pattern. It is important for pediatricians to evaluate the potential hepatotoxicity of commonly used CHM or antibiotics, especially the combination of these drugs, for respiratory infection, and monitor children with DILI during the recovery phase because of the slow pathological repair of liver injury after the normalization of liver biochemistry. Pediatricians should pay great attention to herbal hepatotoxicity and take measures to prevent development of severe liver injury induced by CHM. DILI is an important and problematic cause of liver injury in children, and further efforts are needed to study the mechanisms, risk factors, and outcomes of pediatric DILI and to develop methods for its diagnosis, prevention, and treatment.
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